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ABSTRACT
CHARACTERIZATION OF LOW-TEMPERATURE PROPERTIES OF PLANT-PRODUCED RAP MIXTURES
IN THE NORTHEAST 
by
Marcelo Silva Medeiros Junior 
University of New Hampshire, May 2013
The dissertation outlined herein results from a Federal Highway Administration sponsored project 
intended to investigate the impacts of high percentages of RAP material in the performance of 
pavements under cold climate conditions. It is comprised of two main sections that were incorporated 
into the body of this dissertation as Part I and Part II. In Part I a reduced testing framework for analysis 
of HMA mixes was proposed to replace the IDT creep compliance and strength testing by dynamic 
modulus and fatigue tests performed on an AMPT device. A continuum damage model that incorporates 
the nonlinear constitutive behavior of the HMA mixtures was also successfully implemented and 
validated. Mixtures with varying percentages of reclaimed material (RAP) ranging from 0 to 40% were 
used in this research effort in order to verify the applicability of the proposed methodology to RAP 
mixtures. Part II is concerned with evaluating the effects of various binder grades on the properties of 
plant-produced mixtures with various percentages of RAP. The effects of RAP on mechanical and 
rheological properties of mixtures and extracted binders were studied in order to identify some of the 
deficiencies in the current production methodologies. The results of this dissertation will help 
practitioners to identify optimal RAP usage from a material property perspective. It also establishes 
some guidelines and best practices for the use of higher RAP percentages in HMA.
INTRODUCTION
In the past two decades asphalt recycling has been chosen as a favored way of rehabilitating 
existing pavements. Asphalt recycling is capable of fulfilling technical and environmental goals 
while reducing both costs and energy consumption compared to conventional pavement 
reconstruction. When an asphalt road reaches the end of its service life, the existing pavement 
is usually milled and the resulting by-product of this rehabilitation process is the so called RAP 
(Copeland 2011). RAP is the acronym for Reclaimed Asphalt Pavement however the term 
"Recycled" is also often seen in the literature. The RAP is incorporated into new asphalt 
mixtures so to reduce the amount of virgin material required. The use of RAP reduces the 
amount of construction debris going into landfills, and lessens the consumption of 
nonrenewable natural resources such as virgin aggregates and asphalt binder (Shah et al. 2007). 
Ultimately, recycled pavements can create a cycle of reutilization of natural resources and hence 
maintain the sustainability of the asphalt pavement industry.
Under field conditions asphalt pavements react with oxygen which leads to an increase in 
the apparent molecular weight of the asphaltenes, consequently increasing the binder viscosity 
(Petersen 2009). Oxidation also increases the number of polar molecules in the asphalt binders 
leading to stronger intermolecular interactions. These stronger interactions within the asphalt 
binder microstructure result in a higher resistance to flow (Lu and Isacsson 2002). As the 
pavement ages this embrittlement due to oxidation becomes more significant and the crack 
susceptibility increases. Consequently the design and production of asphalt mixtures containing 
aged material requires accommodations to assure that the final product will perform according
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to the specifications. Testing of plant-produced mixtures allows for evaluation of the impacts of 
higher RAP percentages on the final properties of the HMA batches in addition to detecting 
deficiencies in the current production techniques.
Thermal cracking performance assessment of flexible pavements built with high percentages 
of RAP is also paramount to improve the quality of the roads in cold-climate regions. Hence the 
low-temperature performance assessment can be used as the qualitative parameter for 
comparison among different RAP mixes. The effects of RAP on mechanical and rheological 
properties of mixtures and extracted binders must also be investigated in order to address some 
of the deficiencies in the current production techniques.
2
OBJECTIVES OF THE STUDY
The overall objective of this dissertation is to provide information to the industry on how 
RAP interacts with the raw materials such that appropriate design techniques and production 
methods can be developed in order to maintain the quality level of the batches as well as their 
optimum performance in the field. In order to achieve this goal, a set of specific objectives were 
set forth. These objectives are listed as follows:
- Evaluate the performance of the plant produced RAP mixtures in terms of low 
temperature cracking in the laboratory and field.
- Verify the necessity to bump binder grades with RAP mixtures
Provide further understanding of the blending that occurs between RAP and virgin 
binder in plant-produced mixtures
Propose a reduced testing framework for the low-temperature viscoelastic material 
characterization
Use a continuum damage model that incorporates the nonlinear constitutive behavior 
of the HMA mixtures and propose a criterion to estimate the mixture's critical cracking 
temperature
Another anticipated outcome of this research is to add knowledge as well as diversifies the 
database of RAP mixtures that are currently being evaluated by the North Central Superpave 
Center and in other research projects across the country.
3
WORK STRUCTURE
The work presented herein is divided in two self-contained sections (Part I and Part II). Each 
one of them comprises its own description of the adopted experimental plan, methodology used 
and conclusions. In Part I a reduced testing framework for analysis of Hot Mix Asphalt (HMA) 
concrete incorporated with RAP is proposed to replace the IDT creep compliance and strength 
testing by dynamic modulus and fatigue tests performed on an a Asphalt Mixture Performance 
Tester (AMPT) device. The theoretical aspects of the methodology are shown as well as its 
validation with laboratory results. Mixtures containing various percentages of reclaimed 
material (RAP) were investigated to assess the adequacy of the proposed method to this type of 
material. The main motivation in this first section was to predict the low-temperature creep 
compliance and IDT tensile strength, without the need to perform tests at low-temperatures 
using a more affordable piece of equipment. These two parameters are the key elements in 
thermal cracking analysis of flexible pavements. A second objective sought after in this section 
was the incorporation of the material's non-linear constitutive behavior into the existing 
thermal cracking performance prediction model (TCModel).
The Part II investigated some of the mechanisms behind the interaction between the RAP 
and virgin materials such that appropriate design techniques and production methods can be 
developed in order to attain the optimum performance in the field. In this study 24 different 
mixes from 5 states containing RAP contents varying from 0% to 40% and produced by 7 distinct 
production plants were analyzed. The low-temperature performance assessment was used as 
the qualitative parameter for comparison among the different mixes. The effects of RAP on 
mechanical and rheological properties of mixtures and extracted binders were also examined.
Some of the deficiencies in the current methodologies to evaluate RAP mixtures are also 
discussed in this section.
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PARTI
FRAMEWORK FOR LOW-TEMPERATURE CRACKING ANALYSIS OF 
ASPHALT MIXTURES USING A VISCOELASTIC CONTINUUM DAMAGE
MODEL
6
CHAPTER 1 - BACKGROUND
1.1 in tro d uctio n
In regions where significant thermal cycling occurs the strong incidence of low-temperature 
cracking is a major source of premature deterioration of flexible pavements and asphalt 
overlays. The mechanical and environmental loadings impose mainly longitudinal strains along 
the pavement due to its natural tendency to contract at lower temperatures. However the 
movement is prevented by the friction with the underlying layers causing the stresses to build 
up. During unfavorable environmental and traffic conditions the forces acting on the surface 
layer overcome the tensile strength of the material leading to the occurrence of top-down 
cracks (Haas et al. 1987). As the cracks evolve throughout the cold season, the water starts to 
infiltrate, thereby weakening the supporting layers of the pavement structure. Many studies 
have been conducted to better understand the key mechanisms behind this distress mode. 
Moreover recent advances in fracture testing and modeling of hot-mix asphalt (HMA) materials, 
such as Wagoner et al. 2005; Kim et al. 2008; Underwood and Kim 2011, have greatly helped to 
elucidate the problem. The current Superpave specifications are based upon the linear 
viscoelastic analysis of both asphalt binders and mixtures. In spite of not addressing some issues 
related to constitutive nonlinearities, this represents a major step forward towards the proper 
selection of materials in addition to a better assessment of the low-temperature performance of 
flexible pavements. Conversely, this approach imposed a higher level of sophistication on the 
material's testing protocol when compared to previous pavement design guides. In most cases, 
the required tests are beyond the current technical capabilities of the practitioners. The 
objective of this section is therefore two-fold. The first goal is to propose a reduced testing
framework for the low-temperature viscoelastic material characterization and the second is to 
use a continuum damage model that incorporates the nonlinear constitutive behavior of the 
HMA mixtures and propose a criterion to estimate the mixture's critical cracking temperature. 
Mixtures with varying percentages of reclaimed material (RAP) ranging from 0 to 40% were used 
in this study in order to verify the applicability of the proposed methodology to RAP mixtures.
1.2 MEPDG Thermal Cracking Analysis
The thermal-cracking prediction model (TCMODEL) used in the Mechanistic-Empirical 
Pavement Design Guide (MEPDG) was originally developed by Hiltunen and Roque (1994) and 
estimates the amount of thermal cracks (given as the total length of cracks per length of 
pavement) as a function of time. The model uses the material tensile strength as the threshold 
parameter for crack initiation and calculates the crack propagation using a linear-elastic fracture 
mechanics model based on a variation of the Paris law (Paris et al. 1961) adapted for a linear 
viscoelastic material. The inputs to the model are the creep compliance, tensile strength, 
coefficient of thermal contraction, pavement thickness, and pavement temperature along its 
depth. TCMODEL interprets the pavement as a layer of asphalt subjected to a tensile stress 
distribution with depth. It also assumes that the cracks are uniformly spaced however only one 
crack is modeled. A statistical transfer function is then used to predict the amount of thermal 
cracks in the field that are equal or greater than the thickness of the surface layer.
The coefficient of thermal contraction is calculated based on the volumetric properties of 
the mixture using equation 1 proposed by Jones et al. (1968).
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VMA x aAC +  VAGG x aAGG 
<*m i x  = ---------- T T T Z -----------------  (!)
■3 *  VT0TAL
Where amx = linear coefficient of thermal contraction
aAC = volumetric coefficient of thermal contraction of the asphalt binder 
aAGG = volumetric coefficient of thermal contraction of the aggregate 
V M A  = volume of voids in the mineral aggregate 
VAGG = volume of aggregate in the mixture 
Vto ta l  = T°fal volume of the mixture
The TCMODEL uses the Creep Compliance, D(t), as input for stress calculations at various 
depths into the pavement. This information is not used as is but converted to relaxation 
modulus, E(t), and then convolved with the thermal strain history by means of a convolution 
integral. The thermal cracks are considered to initiate when the tensile stresses exceed the 
tensile strength of the mixture. The temperature at which this failure happens is known as the 
Critical Cracking Temperature. TCMODEL also uses the slope of the linear portion of the log 
compliance-log time master curve as one of the parameters in the assessment of the crack 
depth. A detailed description of the model's theoretical formulation can be found elsewhere 
(Hiltunen and Roque 1994).
The TCMODEL relies basically on the coefficient of thermal contraction calculated from 
equation 1 and the experimental results from creep and indirect tensile strength tests that must 
be conducted in accordance with the AASHTO specifications (AASHTO T322-07 2007). Creep 
tests are run in IDT (indirect tensile) mode at 0°C, -10°C and -20°C while the tensile strength test 
is performed at -10°C in IDT mode at a constant crosshead compression rate of 50 mm/min. The 
complete observance of this standard can only be achieved in a laboratory equipped with a
9
controllable environmental chamber capable of reaching -20°C and a closed-loop servo 
hydraulic testing machine. These requirements make the two tests impractical for most DoT's 
and contractors.
The work of Christensen (1998) resulted in the LTSTRESS spreadsheet that is widely used for 
thermal cracking temperature prediction using the data from the AASHTO T322 test procedure. 
His work is a simplification of the TCMODEL and only calculates the stresses at the pavement 
surface, which are attained using a one-dimensional linear viscoelastic model. The pavement is 
assumed to be subjected to a constant rate of cooling of 5°C per hour. The temperature at 
which the stresses overcome the IDT tensile strength is considered to be the critical cracking 
temperature.
1.3 Interconversion between Linear Viscoelastic Properties
Interconversion of linear viscoelastic fundamental properties (also referred to as response 
functions) is achieved either analytically or numerically. Relationships between moduli and 
compliances are possible due to the fact that both are different ways to represent the material's 
time dependency. Furthermore, from a mathematical standpoint linear viscoelastic properties 
are equivalent to one another for each mode of loading (such as uniaxial or shear) regardless 
the excitation form (transient or steady-state). The interconversion procedure starts with the 
curve fitting of the dynamic modulus, |F*|(o)), to a sigmoidal function that allows for data 
extrapolation and smoothing. A function that is known to fit to asphalt mixture data accordingly 
is the standard logistic curve expressed by Equation 2.
=  s  +  < 2 >
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Where |E*| is the dynamic modulus in MPa, oj is the angular frequency in rad/s and a,p,y,6  
are shape parameters. The dynamic modulus now defined in the appropriate functional form is 
divided into its real and imaginary parts, usually called storage and loss functions respectively. 
The storage modulus, E', is then fitted to a series of exponentials known as Prony series using 
the Multidata method (Cost and Becker 1970). This process was done over 19 decades of 
frequency in order to capture the entire viscoelastic response of the mixtures. The numerical 
method of interconversion based on Prony series coefficients devised by Park and Schapery 
(1999) was adopted in this work and is briefly explained as follows.
The set of constants comprised of Ee, Et and pf (totalizing 39 constants) can be used to 
obtain the corresponding Prony coefficients for the Creep Compliance, D(t),  if a set of 
retardation times, Tit is assumed (tj =  2pt). This is done by simply solving the following linear 
system of equations represented using indicial notation. Note that in this work k and j  ranged 
from 1 to 19.
(3)
Where Ee = equilibrium Modulus [MPa] 
Et = relaxation Strengths [MPa] 
pt = relaxation times [s] 
a) = angular frequency [rad/s]
AkjD j -  Bk (4)
Where
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Based on this methodology the uniaxial compressive complex modulus was converted to 
creep compliance then compared to IDT creep compliance measurements. This raises the 
question on whether the two distinct modes of loading can interchangeably be used to 
substitute one another. As aforementioned no mathematical constrain exists that prevent the 
Interconversion. Moreover the work developed under the phase III of the NCHRP project 9-29 
"Simple Performance Tester for Superpave Mix Design" showed that IDT creep compliance tests 
yield results equivalent to those of creep compliance tests under uniaxial compressive stress. 
The results from this study are shown in Figure 1.
1.E-04
I
H 1.E-05 Q
0 u
12  1.E-06
E o 
o
1.E-07
1.E-07 1.E-06 1.E-05 1.E-04
Compliance, Compression, 1/psi
Figure 1 Comparison of compliance as measured in uniaxial compression and as measured using 
IDT test (after Christensen and Bonaquist (2004))
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1.4 Viscoelastic Continuum Damage Model
Several constitutive models exist to describe the behavior of HMA, some of which are based 
on a micromechanical approach while others use the continuum damage theory. The model 
briefly described herein has been developed at North Carolina State University and consists of a 
simplified viscoelastic continuum damage model (Park et al. 1996; Daniel 2001; Chehab and Kim 
2005; Underwood et al. 2009). It will be referred to as VECD model from this point on.
The VECD model utilizes Schapery's nonlinear viscoelastic constitutive theory for materials 
with distributed growing damage (Schapery 1975; Park and Schapery 1997) and quantifies the 
damage magnitude by assessing the decrease in the effective stiffness observed as the variation 
on the slope of the instantaneous secant modulus. The damage is quantified by an internal state 
variable based on the work potential theory and accounts for microstructural changes within the 
material. The model utilizes the elastic viscoelastic correspondence principle to reduce the 
governing field and boundary equations of viscoelastic problems into a mathematical equivalent 
of those for elasticity problems.
The constitutive relationships are defined not in terms of actual strains but by 
pseudostrains and pseudostifness.
Where C = pseudostifness; S = damage parameter; eR = pseudostrains; e = real 
strains, E (t) = relaxation Modulus; ER = reference modulus.
a =  C(S)£r (5)
(6)
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For transient temperature conditions the variable time is replaced by the reduced time, 
f  (t), at each infinitesimal increment of temperature and is calculated using:
d f ( t )  1 1
- ^ r = r  -*  « * ) =  T d t  (7)ut CLf J q C lj
Where the term aT is the shift factor from the master curve construction. The shift 
factor is a material's fundamental property and can be mathematically represented in various 
different forms
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l.S Thermal Stress Restrained Specimen Test (TSRST)
The thermal stress restrained specimen test (TSRST) was developed as part of the Strategic 
Highway Research Program Project A-003A and is used as an accelerated laboratory test to 
evaluate the low-temperature cracking susceptibility of asphalt concrete mixtures (Jung and 
Vinson 1993). A specimen glued to two metal platens is cooled at a constant rate while being 
restrained from contracting. One of the platens is kept fixed to the loading frame while the 
other one is connected to a step motor through a swivel connector that maintains alignment 
and prevents load eccentricity. The step motor acts on the system by pulling up the specimen to 
counterbalance the thermal strains and assure that the total specimen deformation will be 
continuously maintained at zero. The thermal stress is recorded at a fixed sampling rate until the 
specimen breaks. TSRST tests were used in this research effort to verify the proposed criteria for 
calculation of critical cracking temperature.
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CHAPTER 2 - PROPOSED FRAMEWORK
Under the auspices of the NCHRP Project 9-29, "Simple Performance Tester for Superpave 
Mix Design," the dynamic modulus, |£*|, was chosen as the simple performance test for 
materials characterization and for flexible pavement structural design within the scope of the 
MEPDG. This effort set the basis for the design and construction of the Asphalt Mixture 
Performance Tester (AMPT). AMPT devices consist of relatively small bottom-loading, servo- 
hydraulic devices equipped with a test chamber that serves as both the confining pressure cell 
and the automated environmental chamber (Bonaquist et al. 2003). The dynamic modulus test 
is performed in compressive uniaxial mode on nominal 100 mm diameter, 150 mm high 
cylindrical specimens cut and cored from gyratory compacted specimens. This system also 
allows for dynamic fatigue characterization (Kim et al. 2009) of the mixture which can be used 
for nonlinear constitutive modeling.
The most important feature of the AMPT is the specimen testing chamber which is the The 
crystal clear acrylic triaxial cell seen in the picture. It consists of a high specification triaxial cell, 
which also acts as an environmental chamber. The chamber allows for a full-view of the 
specimen being tested. It is raised and lowered by the unit's compressed air system with a two- 
button safety interlock. Figure 2 shows a picture of an AMPT device manufactured by IPC Global 
* and distributed in United States by InstroTek Inc.* whereas Table 1 shows the technical 
specifications as provided by the manufacturer.
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Figure 2 AMPT Device
Table 1 IPC Global AMPT Device Specifications
Load Capacity Static IS kN
Load Capacity Dynamic lS.SkN
Frequency Range 0.01 to 60Hz sinusoidal loading
Actuator Stroke 30mm (+/-15mm stroke)
Actuator Type Labyrinth Bearing
Specimen Size 100mm (dia) x 150mm (H)
Temperature Range +4* to +60*C at +/-0.5°C*
Cell Dimensions 270mm (dia) x 390mm (H)
Confining Pressure Oto 225kPa
Noise Level Less than 70db at 2m
Bulk Dimensions 1330mm (H) x 630mm (D) x 1100mm (W)
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The methodology proposed in this work consists of using the dynamic modulus and fatigue 
data from AMPT devices instead of the creep compliance and IDT tensile strength employed in 
thermal crack performance evaluation. The viscoelastic continuum damage model presented 
before is used to estimate the critical cracking temperature of the mixture as well as the tensile 
strength using the AMPT dynamic modulus and fatigue data. Figure 3 shows a schematic 
diagram of the proposed framework.
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Figure 3 Schematic diagram of the proposed methodology
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2.1 VECD Thermal Stress Calculation and Failure Criteria
Stresses and strains calculated using the VECD model were based on equations 5 and 6 
where the strain rates were selected according to the type of analysis. The input parameters 
were the |£*| from uniaxial compressive tests and tension-compression fatigue tests carried out 
on an AMPT device.
In equation 6 one can see that the relaxation modulus must be convolved (Kreyszig 2011) 
with the appropriate strain rate in order to calculate the pseudostrains ; this process was 
accomplished numerically. Numerical computation of convolution integrals requires special 
attention regarding convergence especially when recursive algorithms are employed. Several 
authors reported this problem and proposed different approaches to mitigate it (Taylor et al. 
1970; Zocher et al. 1997; Mun 2006). This issue is greatly aggravated by the use of uneven time 
steps. That is the case when reduced times are used in lieu of actual time. Richard Christensen 
(1982) presents in his book an explicit numerical procedure to effect the solution of convolution 
integrals considering temperature variation. The method was reformulated to calculate 
pseudostrains using the following equations.
h tq =  tq -  tq- i ; q =  1, ...,p; tp =  t; tQ =  0 (time interval discretization)
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(8)
Where
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After calculating the pseudostrains over the established time interval the damage parameter 
was calculated using the recommendations found in Park et al. (1996) based on fatigue testing 
data.
Where § is incrementally calculated using equation 10 assuming that before loading occurs 
S and C are zero and 1 respectively. The time step i must be appropriately chosen such that no 
significant change in damage happens during the interval.
was used and the peak stress calculated by the VECD model was taken as the strength. This 
strain rate was estimated based on the actual IDT strain rates and an assumed Poisson's ratio of 
0.4. The value was an average of the tensile strain rates along the specimen's diameter during 
the test. A further study using Finite Element simulation of the IDT geometry will serve to 
enhance this part of the proposed methodology. Different values as well as a time-dependent 
Poisson's ratio will be investigated and a parametric study will be carried out.
It must be noted that the formulations made thus far are for a uniaxial state of stress. This 
means that the values obtained for tensile strength are rigorously only applicable to 
comparisons between experimental data from similar testing conditions. Nonetheless the 
comparisons with experimental results showed a very strong correlation with the IDT
l
(9)
§i+1 = § i -  0 .5 (&C )i(eR) zta (10)
For the IDT tensile strength calculations, a fixed tensile strain rate =  4*10 4 [e/s]
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experimental data (diametral compression) with results lying well within the normal variability 
expected for this type of test.
For TSRST stress calculations, a fixed rate of cooling, RT, of 10°C per hour was assumed. The 
constant coefficient of thermal contraction was calculated based on Equation 1. Considering 
that the thermal loading starts at time t = 0, the rate of thermal strain is given by:
The index T in the strain refers to temperature and is used to distinguish it from mechanical 
strains for the IDT strength analysis.
The analysis of different scenarios was conducted by changing the input variables 
accordingly. For TSRST stress calculations, the strain rate was obtained from the cooling rate 
using Equation 11. The relaxation modulus was shifted to the initial temperature and new Prony 
coefficients were fit to this curve at that particular temperature. The reduced time was 
generated based on cooling rates and shift factors. IDT strength values were attained by shifting 
E (t) to -10°C and applying a load rate of 4E-4 e/s.
A methodology to estimate the critical cracking temperature was also investigated. IDT 
strength at various temperatures was plotted on the same graph as the TSRST. The intercept 
between the two curves would be the temperature to which the pavement is likely to initial a 
thermal crack in the field. The proposed criteria will serve as the basis for a further study where 
the predicted values will be compared to field measurements.
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CHAPTER 3 - MATERIALS AND METHODS
The data utilized in this study was generated as part of Phase I of the Transportation Pooled 
Fund TPF -  5 (230) research project, "Evaluation of Plant Produced RAP Mixtures in the 
Northeast". This research effort was set forth to examine the effects of different RAP levels on 
low-temperature and fatigue properties of asphalt mixtures and was conducted on asphalt 
mixtures designed for service in cold-climate regions. The testing program was carried out at 
various research centers and involved reclaimed material from three different states. Testing of 
plant-produced mixtures made it possible to evaluate the impact of higher RAP percentages on 
material properties and performance with respect to low temperature and fatigue cracking.
Contractors from the states of New Hampshire, New York and Vermont volunteered to 
produce mixtures at different RAP contents using six different virgin binders which totaled 
eighteen distinct mixtures. Mixtures from the state of New York were produced by Callanan 
Industries in a Cedar Rapids counter flow drum plant. These mixtures were produced at rates of 
approximately 250 tons per hour [tph] for the 30 and 40% RAP mixtures and 300 tph for the 
virgin and 20% RAP mixes. Mixtures from the states of New Hampshire and Vermont were 
produced by Pike Industries in two different facilities. New Hampshire mixtures were produced 
in a 2008 Gencor Ultra drum plant at a production rate of 400 tph whereas Vermont mixtures 
were produced in a 1966 H&B 5-ton drop batch plant with mixing times and burner set 
temperature varying depending on the RAP content. Each facility provided one set of loose mix 
sampled from the trucks prior to leaving the facility. The loose mixture was stored into 5-gailon 
metal buckets for sample fabrication in the lab. Design parameters are shown in Table 2.
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Table 2 Mixture production information
Production
Plant
NMAS
[mm]
RAP
Content
[X]
Total
Binder
m
RAP
Binder
[X]
VMA VFA
NH
(PG 64 -28) 12.5
0 5.7 0 17.5 64.3
20 5.7 16.8 17.6 63.5
30 5.7 25.2 17.3 64.8
40 5.7 33.6 17.7 64.1
NY
(PG 58-28)
12.5
30 5.2 28.4 16.4 64.1
40 5.2 37.7 16.8 62.5
NY
(PG 64 -22)
0 5.2 0 16.4 64.1
20 5.2 19.0 16.5 64.1
30 5.2 28.4 17.1 62.9
40 5.2 37.7 16.6 61.4
VT
(PG 52 -34)
9.5
0 6.7 0 18.8 68.1
20 6.8 16.00 18.3 70.2
30 6.6 24.7 18.6 70.5
40 6.6 32.6 19.1 70.1
VT
(PG 64 -28)
0 6.5 0 19.1 67
20 6.7 16.1 18.4 70.3
30 6.6 24.5 18.4 69
40 6.6 33.0 18.7 67.7
The specimens were tested following the experimental plan shown in Table 3. The 
fatigue tests were executed on an AMPT machine following the protocol proposed by Kim et al. 
(2009) All the tests were carried out on three replicates of each mix, with exception of fatigue 
tests that used only 2 replicates.
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Table 3 Experimental Program
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Temperatures
m
Number of 
\  Spedmera
Dynamic
Modulus
AASHTO TP 79-12 4, 20,35 54
IDT Creep AASHTO T322-07 0, -10, -20 54
IDT Strength AASHTO T322-07 -10 54
Fatigue Push-Pull at 10Hz 10 36
TSRST AASHTO TP 10-93 10/hr 54
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CHAPTER 4 -RESULTS
4.1 Shift Factors
The Polynomial, WLF and Exponential models were fit to the dynamic modulus shift 
factors at a reference temperature of 0°C then the fitted curves were used to estimate 
the shift factors at temperatures corresponding to those of the creep compliance test 
(0, -10 and 20°C).. In this work the three models shown in Table 4 were investigated.
Table 4 Shift factor models
Polynomial log10(flr) =  A(AT)2 +  B(AT) +  C A,B and C
WLF
C l(A f)  
logio(ar ) ~  C2 + Cl and C2
Exponential aT =  he-A(Ar) b and A
Where A T, is the change in temperature with respect to an arbitrary reference temperature.
The predicted values were then compared to actual values and the error between the two 
calculated and summarized for each of the three models in Table 5. No significant difference 
among the three models was found especially between the polynomial and WLF. Overall the 
polynomial fit for the shift factor curves of the dataset analyzed in this research was found to be 
the strongest predictor thus this model was adopted in this study.
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Table 5 Summary of errors from the three shift factor model predictions
Max Min Max Min Max Min
Error Error Error Error Error Error
m [HI m [HI [HI [HI
0 N/A* N/A* N/A* N/A* N/A* N/A*
NH 20 17.1 16.4 17.6 16.0 18.3 14.1
(PG 64 -28) 30 3.9 2.8 4.3 3.3 4.9 0.4
40 20.6 6.5 20.3 7.0 22.1 3.6
NY 30 20.9 14.8 21.8 13.8 17.2 17.0
(PG 58 -28) 40 4.2 1.2 4.6 0.8 3.0 1.3
0 11.6 8.5 11.1 9.0 13.4 5.4
NY 20 7.4 6.7 7.6 6.4 9.0 6.9
(PG 64 -22) 30 0.5 0.2 1.2 0.6 4.0 1.9
40 6.2 3.2 5.8 2.8 8.8 4.9
0 21.5 10.6 25.9 5.5 25.5 13.8
VT 20 25.3 13.0 29.7 7.8 17.8 17.8
(PG 52 -34) 30 9.8 0.9 14.4 3.9 6.1 1.3
40 10.3 7.7 19.2 16.8 1.3 0.7
0 31.8 18.5 32.6 17.6 28.4 20.9
VT 20 20.7 18.4 21.0 18.1 19.8 18.3
(PG 64 -28) 30 N/A* N/A* N/A* N/A* N/A* N/A*
40 20.4 16.2 21.1 15.6 18.3 17.0
♦Assessment not available due to problems during creep testing.
The shift factors from the creep compliance as well as those from complex modulus are 
shown in the following figures. The solid line corresponds to the second-order polynomial curve 
fitted to the complex modulus shift factors and extrapolated to -20°C in order to cover the 
entire range of temperatures.
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Figure 5 NH PG 64 -28 30% RAP
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Figure 6 NH PG 64 -28 40% RAP
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Figure 7 NY PG 64 -22 0% RAP
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Figure 8 NY PG 64 -22 20% RAP
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Figure 9 NY PG 64 -22 30% RAP
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Figure 10 NY PG 64 -22 40% RAP
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Figure 11 NY PG 58 -28 30% RAP
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Figure 12 NY PG 58 -28 40% RAP
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Figure 13 VT PG 52 -34 0% RAP
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Figure 14 VT PG 52 -34 20% RAP
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Figure 15 VT PG 52 -34 30% RAP
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Figure 18 VT PG 64 -28 20% RAP
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Figure 19 VT PG 64 -28 40% RAP
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4.2 Complex Modulus to Creep Compliance Interconversion
Creep compliance curves interconverted from uniaxial complex modulus obtained from 
IE*! mastercurves were calculated and compared against those from IDT Creep tests. The 
correlation between the two datasets was inferred by the coefficient of determination, R2, 
reported in
Table 6. A problem in the IDT creep testing of the Vermont PG 64 -28 30 RAP happened 
during the course of this work. The specimens were damaged due to an operator error 
therefore no data is available for this mix.
Table 6 Creep compliance interconversion correlation
0 0.7669
NH 20 0.969
(PG 64 -28) 30 0.3785
40 0.9838
NY 30 0.9838
(PG 58 -28) 40 0.9654
0 0.8963
NY 20 0.4517
(PG 64 -22) 30 0.7179
40 0.8341
0 0.8213
VT 20 0.7508
(PG 52 -34) 30 0.6929
40 0.9626
0 0.9327
VT 20 0.8899
(PG 64 -28) 30 N/A
40 0.9707
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The following figures present the values from the Interconversion using Prony Series versus 
the experimental data for each mixture.
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Figure 23 NH PG 64 -28 40% RAP
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Figure 26 NY PG 64 -22 30% RAP
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Figure 2 7  NY PG 64  -2 2  40%  RAP
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4.3 IDT Strength Results
The strength comparisons are shown in Figure 37 through Figure 41. The dashes are the 
maximum and minimum experimental IDT strengths. New Hampshire mixtures containing 0% 
RAP could not be analyzed due a problem in the fatigue characterization of the specimens for 
that particular mix.
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Figure 37 NH PG 64 -28 Mixtures
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In general the results were very satisfactory and within the variability of the test itself.
All the experimental IDT strength results were plotted against the values predicted from the 
proposed methodology. The results are shown in Figure 42 where the diagonal line represents 
the equality line. As can be noticed the model slightly over predicted the tensile strength of the 
mixtures.
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Figure 42 Tensile Strength Results -  Predicted versus Experimental
A parametric study comprising different strain rates is anticipated to improve the quality of 
the results. Figure 43 shows the influence of different strain rates on the peak stress, which in 
this work is taken as the tensile strength value. A Finite Element Simulation of the IDT test can 
indicate the optimum strain rate.
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4.4 TSRST Results
TSRST was performed according to AASHTO TP 10-93 standard, "Thermal Stress Restrained 
Specimen Test", which establishes that the specimen must be cooled down at a rate of 10°C per 
hour, starting from 5°C until the brittle rupture of the specimen. A typical thermal stress versus 
temperature graph from this test is seen in Figure 44. In this work a commercial TSRST testing 
apparatus was used, however a problem occurred during the tests and the standard's 
specifications couldn't be followed. Figure 45 shows the result of one of the tests. As can be 
observed in this graph, the system didn't sense any stress until -3.4°C. At that temperature the 
actuator seemingly pulled the specimen abruptly causing undesired mechanical strains which 
induced stresses in the excess of 500 kPa on some specimens. Different specimens had different 
starting temperatures and also different mechanical stresses induced by the actuator. An error 
in the observance of the pre-tensioning procedures determined by the manufacturer or a fault 
in the LVDTs system is believed to have caused the problem. As result the reported fracture 
temperature does not correspond to that of a purely thermally-induced test.
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Figure 44 Typical TSRST stress versus temperature curve
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In an attempt to salvage the data, a simulation of what is believed to have happened during the 
tests was set forth. A constant mechanical tensile strain applied to the specimen at the 
beginning of the test, was added to the VECD model calculations. The starting temperature was 
also changed to accommodate the experimental results. The mechanical strain was chosen using 
a trial and error approach in order to match the initial stress induced on the specimen. Figure 
46 compares the thermal stresses calculated using the VECD model against the measured 
values.
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Figure 46 TSRST experimental and calculated thermal stress versus temperature
The VECD model is capable of replicating the adverse testing conditions of the TSRST 
experiments despite the disagreements with the AASTHO standard procedures. It is believed
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that this methodology can help other researchers or practitioners confronting similar issues in 
the future. It also proves that a coupled thermal-mechanical analysis using the proposed 
framework is feasible.
Figure 47 illustrates the proposed methodology for critical cracking temperature. It shows 
the calculated IDT strength at various temperatures and the calculated thermally-induced 
stresses from the TSRST model. The point where the two curves intercept each other was taken 
as the critical cracking temperature. This criterion will be fully validated when the field 
performance data becomes available. Field cores are being extracted at successive periods of 
time as this project develops. This information along with future laboratory results from the 
ongoing Phase II of this work will allow for calibration and validation of the model.
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CHAPTER 5 - CONCLUSIONS
The method presented in this work has the virtue of being more amenable to practitioners 
and time/cost effective to researchers therefore adding to the efforts to improve the 
performance of flexible pavements to thermal cracking. The results showed the applicability of 
the proposed methodology to HMA assessment of low-temperature cracking performance. The 
second order polynomial yielded the overall best results for shift factor curve fitting as 
compared to the WLF and Exponential models.
A strong correlation was observed between the IDT tensile strength calculated using the 
VECD model and the measured values. No constraints regarding the use of the proposed 
methodology was found when RAP mixes were analyzed. The Interconversion from dynamic 
modulus to creep compliance using the results from an AMPT device helps to decrease the time 
and efforts employed in the characterization of HMA mixtures at low temperature.
This work is believed to be a pioneer in the use of an advanced constitutive modeling to 
assess the low-temperature cracking performance of high RAP mixtures. It also contributes to a 
better understanding of the impacts of adding reclaimed material to virgin mixtures. Moreover 
provides an important tool to help the design of new pavements as well as the distress 
prediction and rehabilitation planning of the existing highway infrastructure of cold climate 
regions.
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PART II
EVALUATION OF THE PLANT-PRODUCED RAP MIXTURES IN THE
NORTHEAST
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CHAPTER 6 - INTRODUCTION
Asphalt recycling has become an important technique used to minimize production costs of 
new pavements as well as mitigate its impacts to the environment. Testing of plant-produced 
mixtures allows for evaluation of the impacts of higher RAP percentages on the final properties 
of the HMA batches in addition to detecting deficiencies in the current production techniques. 
The main goal of this work is to provide information on how RAP interacts with the virgin 
materials such that appropriate design techniques and production methods can be developed in 
order to attain the optimum performance in the field. In this study 24 different mixes from 5 
states containing RAP contents varying from 0% to 40% and produced by 7 distinct production 
plants were analyzed. The low-temperature performance assessment was used as the 
qualitative parameter for comparison among the different mixes. The effects of RAP on 
mechanical and rheological properties of mixtures and extracted binders were investigated. 
Some of the deficiencies in the current methodologies to evaluate RAP mixtures are also 
discussed.
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CHAPTER 7 -  MATERIALS AND METHODS
The present work was based upon experimental results from two major research projects, 
namely Transportation Pooled Fund TPF -  5 (230), "Evaluation of Plant Produced RAP Mixtures 
in the Northeast" and Project FHWA-HRT-11-058, "Investigation of Low and High Temperature 
Properties of Plant-Produced RAP Mixtures" (McDaniel et al. 2012). Both studies were 
undertaken to examine the effects of different RAP levels on low-temperature properties of 
asphalt mixtures and were conducted on asphalt mixtures designed for service in similar cold- 
climate regions. Other similarities involved the virgin binders' PG grades and the range of RAP 
percentages incorporated into the mixtures. The majority of the data comes from the TPF- 
5(230) project, whereas the FHWA-HRT-11-058 served as basis of comparison. The experimental 
programs of these two studies were carried out at various research centers and involved a total 
of 24 mixtures from 5 different states. Details on the materials from the two studies are 
summarized in the following sections.
7.1 Transportation Pooled Fund TPF -  5 (230)
This project is sponsored by the Departments of Transportation of seven Northeastern 
States (NH, NJ, NY, PA, Rl, MD, VA). It expands on the prior pilot work carried out by Pike 
Industries inc. and NHDoT (Daniel et al. 2010) which was limited to uniquely assessing recovered 
binder properties. The new project includes higher RAP percentages, drum and batch plants, as 
well as an extensive experimental protocol comprised of lab and plant compacted mixture
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testing. The research team includes University of New Hampshire, Rutgers University, University 
of Massachusetts at Dartmouth and North Carolina State University.
It is important to state however, that this is an ongoing project that has been divided into 
two phases. The data gathered during the Phase I was used to enhance the experimental 
framework by detecting the most promising experiments as well as improving or dismissing 
some of the tests that didn't provide the expected information. It is anticipated that in Phase li a 
total of 40 extra mixtures will be added to the scope of the project. The data presented in this 
paper corresponds to the Phase I and for sake of brevity will be referred to as TPF -  5 (230) from 
this point on.
Contractors from the states of New Hampshire, New York and Vermont volunteered to 
produce mixtures at different RAP contents using six different neat binders which totaled 
eighteen distinct mixtures. Mixtures from the state of New York were produced by Callanan 
Industries in a Cedar Rapids counter flow drum plant. These mixtures were produced at rates of 
approximately 250 tons per hour (tph) for the 30 and 40% RAP mixtures and 300 tph for the 
virgin and 20% RAP mixes. Mixtures from the states of New Hampshire and Vermont were 
produced by Pike industries in two different facilities. New Hampshire mixtures were produced 
in a 2008 Gencor Ultra drum plant at a production rate of 400 tph whereas Vermont mixtures 
were produced in a 1966 H8iB 5-ton drop batch plant with mixing times and burner set 
temperature varying depending on the RAP content:
- Virgin Mix: 6 sec Dry Mix Time; 36 sec Wet Mix Time
- 20% RAP: 10 sec Dry Mix Time; 36 sec Wet Mix Time
- 30% RAP: 13 sec Dry Mix Time; 36 sec Wet Mix Time
- 40% RAP: 13 sec Dry Mix Time; 36 sec Wet Mix Time
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Each facility provided one set of specimens compacted at the plant's Quality Control (QC) 
laboratory immediately after discharge and one set of loose mix sampled from the trucks prior 
to leaving the facility. The loose mixture was stored in 5-gallon metal buckets for sample 
fabrication at the research team laboratories. Specimens compacted at the plant facilities are 
referred to as "Plant Compacted Mixtures" while all others are referred to as "Lab Compacted 
Mixtures". Table 7 shows a summary of production information for all the mixtures produced.
Table 7 TPF -  5 (230) mixture production information
Production
Plant
PG
grade
Virgin
Binder
1*1
NMAS
(mm)
RAP
Content
1*1
Discharge
Temp.
rc i
Compaction
Temp.
PCI
NY
Callanan
Industries
(Drum)
58-28
5.2 12.5 40 166 135
5.2 12.5 30 152 135
64-22
5.2 12.5 40 166 143
5.2 12.5 30 152 143
5.2 12.5 20 160 143
5.2 12.5 0 154 143
VT
Pike
Industries
(Batch)
52-34
6.6 9.5 40 149 146
6.6 9.5 30 160 160
6.8 9.5 20 162 162
6.7 9.5 0 171 171
64-28
6.6 9.5 40 146 146
6.6 9.5 30 161 154
6.7 9.5 20 149 149
6.5 9.5 0 166 149
NH
Pike
Industries
(Drum)
64-28
5.7 12.5 40 168 157
5.7 12.5 30 168 157
5.7 12.5 20 157 154
5.7 12.5 0 166 149
The particle size gradation is shown in Table 8. These grain size distributions correspond to 
typical 12.5 and 9.5mm mixtures used in the region.
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Table 8 Summary of TPF -  5 (230) mixtures gradation
Production
Plant
PG
grade
RAP
M
Sieve Size Distribution
12.5 9.5 #4 #8 #16 #30 #50 #100 #200
NY
Callanan
Industries
(Drum)
58-28
40 98.1 89.3 53.7 32 17.9 12.5 8.5 5.1 3.2
30 97.5 91.2 59.5 33.3 21.2 14.7 9.7 5.8 5.3
64-22
40 97.6 88.7 53 30.9 19.3 14.3 10.1 6.1 4.3
30 95 85.8 54.4 30.2 22.7 16.5 11.6 7.8 6
20 99.1 90.8 59 30.9 18.8 11.8 8.3 6.7 3.8
0 99.8 90.8 68.3 42.3 26.8 18.9 13.2 5.2 3.8
VT
Pike
Industries
(Batch)
52-34
40 100 97.9 76.8 48.8 29.3 18.4 11.8 7.5 4.6
30 100 98.6 75 48.1 29.5 18.7 11.7 7.4 4.5
20 100 98.4 79.2 51.1 30.7 19.1 11.8 7.4 4.6
0 100 98.8 78.8 51.1 31.4 19.3 10.7 6.1 3.8
64-28
40 100 98.5 75.1 46.6 26.8 15.7 9 4.8 4.5
30 100 97.8 77.5 48.9 29 17.8 11 7 4.3
20 100 98.7 81.3 53.5 32.3 19.9 11.9 7.1 4.3
0 100 99.6 76.9 48.8 29.7 18 9.9 5.5 3.3
NH
Pike
Industries
(Drum)
64-28
40 98.7 86.4 55.5 41.2 32.7 24.8 15 6.1 2.65
30 98.7 86.5 56.2 41.9 33.5 25.8 16 6.9 3.62
20 98.7 86.5 57.5 42.4 33.3 25.5 15.8 7 3.6
0 98.6 85.8 58.3 42.5 32.4 24.7 15.5 7.2 3.58
All Lab compacted mixtures complied with a strict re-heating and compaction protocol, 
agreed upon by all parties involved, in order to minimize lab-to-lab variability. The procedure 
consisted of heating each five-gallon bucket of mixture, with the lid on, for one hour at a 
temperature 10°C lower than the plant discharge temperature. Next the bucket was heated at 
the same temperature for one hour with the lid off the bucket. Following this second hour of 
heating, the temperature at the center of the bucket was assured to be at a minimum of 75°C. 
Next, the material was partitioned off into the desired mass for a pre-determined specific 
specimen size. The split portions were then placed into ovens pre-heated to the appropriate
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compaction temperature. Each bucket of mixture was heated only once. The total heating time 
did not exceed 4 hours and no re-heating was allowed.
7.2 Project FHWA-HRT-11-058
This project was a continuation of previous work undertaken in 2000 (McDaniel et al. 2000), 
which found that changes in the mixture's properties started to become more significant when 
RAP percentages above 15% were incorporated. The authors also recommended dropping the 
virgin binder grade by one increment on both the high and low temperature grades to neutralize 
this effect. As a continuation to this research effort, a wider project involving a larger number of 
mixtures and RAP percentages was carried out.
In the work presented here, four contractors from the state of Indiana and one from 
Michigan produced five different mixtures. However the authors pointed out inconsistencies 
regarding the mixtures produced by contractor 1. It was stated that none of its mixes yielded 
results consistently higher or lower than the others, even where the greatest ranges occurred. In 
consequence of that, data from contractor 1 was excluded from this analysis. Table 9 shows the 
production plant's information for the four contractors included in this research. All the mixes 
have a nominal maximum aggregate size (NMAS) of 9.5 mm. Mix design gradations for a given 
contractor were targeted to fall within a range of 3 percent or less on each sieve which lead to 
variations in the VMA and sometimes total binder content when RAP was added to the 
mixtures.
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Table 9 Project FHWA-HRT-11-058 contractor's plants information
Contractor P lM tliK M la i PhmtTypo jPraeaniflf
2 Ada, Ml CMI parallel flow drum
Minus 5/8” 
crushed/screened
3 Huntington, IN ASTEC, In. Double drum Minus 1/2" screened
4 Evansville, IN CMI parallel flow drum Minus 1/2" screened
5 Leesburg, IN Two drums (aggregate dryer with separate mixing drum)
Minus 1/2" 
crushed/screened
Two different binder grades, PG58-28 and PG64-22, were used. PG64-22 is the standard 
binder for the state of Indiana. PG58-28 is the grade that would be selected in the case of 
double bumping (changes in both higher and lower temperatures) recommended by the 
AASHTO M323 "Standard Specification for Superpave Volumetric Mix Design". The job mix 
formulas from each contractor are shown in Table 10 through Table 13.
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Table 10 Project FHWA-HRT-11-058 -  contractor's 2 mix design
‘ ( '
II 1)1 l|( j ' J
i , * .i -> ' ■
fc»f ~ i^ PZsyii
• • v* -
2C ‘ 2 *  - ' ; n  -t \ * 2F
PG Grade 64-22 64-22 64-22 64-22 58-28 58-28
RAP [96] 0 15 25 40 25 40
9.5 96.3 95.6 96.6 95.9 95.3 94.3
#4 79.8 78.6 78.1 79.8 78.5 77.2
e #8 63.9 63.4 63.0 64.2 63.1 61.4M
ft #16 50.9 50.3 49.9 50.8 50.3 48.6
I #30 39.4 39.0 38.7 39.3 39.1 37.4
tfl #50 19.7 20.0 19.8 20.7 20.0 20.0
#100 6.9 7.4 7.8 8.8 8.0 9.1
#200 4.2 4.5 4.9 5.9 5.1 6.3
Gmm 2.478 2.474 2.467 2.462 2.466 2.470
®mb 2.326 2.387 2.355 2.402 2.373 2.424
Air Void [96] 6.8 4.7 3.9 3.1 4.3 2.6
VMA 18.0 16.3 15.9 15.6 16.2 14.4
VFA 62.4 73.9 75.5 80.2 73.2 82.3
ac [96] 5.8 5.8 5.9 6.1 5.81 5.7
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Table 11 Project FHWA-HRT-11-058 -  contractor's 3 mix design
v
, ■ Inin■ WWW « f y
, ,
* MixtureiO
f i! * t ;s »■ % 
‘f SB■ , . . v' • -i'-,:... . : S t' ' 3ti S 3F
PG Grade 64-22 64-22 64-22 64-22 58-28 58-28
RAP [96] 0 15 25 40 25 40
9.5 96.2 95.6 97.1 95.9 97.1 97.4
#4 71.4 68.5 75.8 71.2 73.2 74.2
w #8 48.6 48.1 53.4 50.5 51.4 53.2
N
f t #16 32.7 33.4 36.6 35.3 36.5 37.8
I #30 21.2 22.4 24.4 23.6 25.4 26.5
i/» #50 10.1 11.5 12.5 12.1 13.7 14.7
#100 4.8 5.7 6.1 5.9 7.0 7.6
#200 3.5 4.2 4.5 4.4 5.1 5.5
®mm 2.479 2.468 2.48 2.477 2.487 2.471
Gmb 2.310 2.371 2.351 2.357 2.398 2.410
Air Void [%] 6.8 3.9 5.2 4.8 3.6 2.4
VMA 17.8 16.1 17.4 16.9 16.0 15.6
VFA - - - - - -
ac [%] 5.7 5.7 6.0 5.7 5.7 5.9
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Table 12 Project FHWA-HRT-11-058 - contractor's 4 mix design
' '' "
Mm % ’ .
Mixture K>
<• * m 4C 40 4E 4F
PG Grade 64-22 64-22 64-22 64-22 58-28 58-28
RAP[%] 0 15 25 40 25 40
9.5 96.0 96.1 95.6 95.9 95.6 95.9
#4 56.0 56.6 59.3 57.4 59.3 57.4
« #8 34.5 33.6 35.7 34.2 35.7 34.2
N
35 #16 27.3 25.4 27.2 26.0 27.2 26.0 '
#30 17.7 16.9 18.5 17.5 18.5 17.5
IA #50 8.6 8.4 10.5 9.2 10.5 9.2
#100 4.4 4.9 7.3 5.9 7.3 5.9
#200 4.1 4.5 6.6 5.3 6.6 5.3
Gmm 2.441 2.451 2.453 2.444 2.453 2.444
Gmb 2.37 2.356 2.386 2.391 2.372 2.402
Air Void [X] 4.0 4.0 4.0 4.0 4.0 4.0
VMA 15.3 15 15.2 15.5 15.2 15.5
VFA 73.9 73.3 73.7 74.2 73.7 74.2
ac {%] 5.6 5.3 5.2 5.4 5.2 5.4
6 6
Table 13 Project FHWA-HRT-11-058 - contractor's 5 mix design
. r ...\\ aav
' JWlfc
* ' Mixture ID
y *  : 5ft X Sft S£ SF
PG Grade 64-22 64-22 64-22 64-22 58-28 58-28
RAP [96] 0 15 25 40 25 40
9.5 100.0 100.0 100.0 100.0 100.0 100.0
#4 99.0 100.0 99.8 98.9 99.0 99.1
• i #8 73.3 74.3 75.0 72.3 73.5 75.3
N
175 416 50.7 49.7 52.8 50.2 51.4 53.7
£ 430 36.0 34.7 37.5 36.1 36.4 38.7
• / I 450 24.6 24.0 26.0 25.7 25.3 27.5
4100 12.8 13.2 14.5 14.7 13.9 15.5
4200 6.0 6.4 6.8 7.5 6.4 7.7
Gmm 2.47 2.47 2.46 2.47 2.45 2.46
Gmb 2.351 2.365 2.36 2.39 2.351 2.382
Air Void [%] 4.9 4.1 4.2 3.1 4.2 3.2
VMA 16.4 16.1 16.5 15.5 16.5 15.9
VFA 76.8 74.4 81 85.8 77.9 87.1
ac [%] 5.6 5.6 5.8 5.9 5.4 5.7
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Mixes were produced following the contractors' typical batching processes when producing RAP 
mixtures. No changes were made in their facilities. It was stipulated that a minimum of 90 Mg of 
each mixture be produced prior to sampling. Mixes were sampled by the contractors from 
trucks at the plant and stored in sealed five-gallon buckets.
6 8
CHAPTER 8 -RESULTS
8.1 Binder Extraction and Recovery
The same techniques for binder extraction and recovery were used in both projects. The 
binder from the RAP stockpiles and from the produced mixtures was extracted and recovered 
according to AASHTO T319 "Standard Method of Test for Quantitative Extraction and Recovery 
of Asphalt Binder from Asphalt Mixtures" using normal-propyl bromide (nPB) as solvent agent. 
All the binders presented in this work were graded according to AASHTO R29 "Grading or 
Verifying the Performance Grade of an Asphalt Binder" and AASHTO M320 "Standard 
Specification for Performance-Graded Asphalt Binder". This included testing at low 
temperatures in the Bending Beam Rheometer (BBR) and high temperature testing in the 
Dynamic Shear Rheometer (DSR). The continuous grading was conducted only on TPF -  5 (230) 
binders.
The virgin binders' PG grades were verified by grading samples from the Plant's binder tanks 
after rolling thin film oven (RTFO) and pressure-aging vessel (PAV) aging. The recovered binders 
were also tested following the same protocol except without RTFO aging since they had been 
through a hot mix plant, as opposed to the virgin binders. The PG grading results for both 
projects are presented in the next two tables.
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Table 14 TPF -  5 (230) Binder grading results
r  * 
m bhpw ’-
* -1
> ■ M M rO n p it
!/ v :
£ PfiCi ■
PG&wto*«■ . A ' Low ' -
NY
PG 58-28
Tank 60.3 -30.8 17.2 58-28
Tank 61.0 -34.6 18.5 58-34
Extracted 30% RAP 69.6 -28.2 21.3 64-28
Extracted 40% RAP 65.8 -29.3 20.5 64-28
RAP Stockpile 87.4 -19.9 26.4 -
NY
PG 64-22
Tank 67.3 -26.0 22.1 64-22
Tank 67.0 -25.5 21.9 64-22
Extracted 0% RAP 67.5 -26.7 22.2 64-22
Extracted 20% RAP 69.3 -25.9 26.6 64-22
Extracted 30% RAP 70.9 -22.9 26.2 70-22
Extracted 40% RAP 74.0 -18.3 26.1 70-16
RAP Stockpile 87.4 -19.9 26.4 -
VT
PG 52-34
Tank 56.3 -32.5 12.1 52-28
Extracted 0% RAP 56.6 -30.1 10.3 52-28
Extracted 20% RAP 57.8 -31.4 11.9 52-28
Extracted 30% RAP 59.1 -32.0 11.2 58-28
Extracted 40% RAP 59.8 -32.8 12.4 58-28
RAP Stockpile 74.9 -25.2 20.1 -
VT
PG 64-28
Tank 64.4 -30.2 16.6 64-28
Extracted 0% RAP 61.7 -28.7 16.8 58-28
Extracted 20% RAP 60.9 -30.3 15.5 58-28
Extracted 30% RAP 63.0 -28.5 17.4 58-28
Extracted 40% RAP 61.9 -29.0 17.0 58-28
RAP Stockpile 74.9 -25.2 20.1 -
NH
PG 64-28
Tank 66.3 -29.5 19.9 64-28
Extracted 0% RAP 66.8 -31.1 18.0 64-28
Extracted 20% RAP 67.9 -30.0 20.9 64-28
Extracted 30% RAP 70.6 -29.8 18.6 70-28
Extracted 40% RAP 70.3 -29.0 20.3 70-28
RAP Stockpile 87.1 -13.2 28.6 -
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Table 15 Project FHWA-HRT-11-058 - Binder grading results
C o n tra c to r  
10 <
M t t O r f c f e  ■ /
A  i-
4 ^ m to M ie u t H 5  O r a d t f C i  •’
N 6 r t o
N f R l a w  .
Tank PG 64-22 67.4 -24.2 64-22
Tank PG 58-28 60.7 -28.3 58-28
RAP Stockpile 85.8 -15.0 86-15
Extracted 0% RAP 74.2 -22.1 64-22
2 Extracted 15% RAP 75.5 -21.9 64-22
Extracted 25% RAP 74.6 -21.8 64-22
Extracted 40% RAP 74.7 -21.3 64-22
Extracted 25% RAP 72.1 -24.1 58-28
Extracted 40% RAP 73.4 -23.3 58-28
Tank PG 64-22 66.4 -24.8 64-22
Tank PG 58-28 61.1 -28.9 58-28
RAP Stockpile 83.4 -17.0 83-17
Extracted 0% RAP 71.3 -22.5 64-22
3 Extracted 15% RAP 74.1 -21.8 64-22
Extracted 25% RAP 74.7 -21.4 64-22
Extracted 40% RAP 70.2 -20.3 64-22
Extracted 25% RAP 75.5 -21.3 58-28
Extracted 40% RAP 72.4 -24.5 58-28
Tank PG 64-22 67.4 -24.2 64-22
Tank PG 58-28 60.7 -28.3 58-28
RAP Stockpile 80.9 -20.9 80-20
Extracted 0% RAP 73.7 -20.5 64-22
4 Extracted 15% RAP 72.8 -20.8 64-22
Extracted 25% RAP 74.4 -20.5 64-22
Extracted 40% RAP 75.0 -19.6 64-22
Extracted 25% RAP 67.8 -24.2 58-28
Extracted 40% RAP 70.0 -23.3 58-28
Tank PG 64-22 66.2 -23.0 64-22
Tank PG 58-28 59.7 -29.9 58-28
RAP Stockpile 89.6 -9.7 89-9
Extracted 0% RAP 73.5 -20.6 64-22
5 Extracted 15% RAP 74.5 -20.5 64-22
Extracted 25% RAP 76.2 -18.6 64-22
Extracted 40% RAP 75.7 -19.1 64-22
Extracted 25% RAP 69.9 -26.3 58-28
Extracted 40% RAP 73.9 -21.3 58-28
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The binder extraction process has been reported in the literature to affect the properties of 
the residual material. The solvents can either stiffen the binder by chemical reactions or soften 
it if not entirely removed from the binder residue. The PG grading of the extracted binders from 
both projects raised questions in this regard. Based on the continuous PG grading results it's 
seen that all the FHWA-HRT-11-058 0% RAP extracted binders became stiffer than their 
respective virgin binder extracted from the tanks. This alludes to the conclusion that, in spite of 
the RTFO aging of the tank binders, the plant production process induced more aging to the 
mixtures as noticed by the higher increase in stiffness.
As expected all the RAP binders from both projects were found to be stiffer than the neat 
binders. However the results from the two projects showed dissimilar patterns. None of the 
extracted binders from the FHWA-HRT-11-058 project had their PG grade changed by addition 
of RAP material when using the conventional PG grading system. Whereas all the extracted 
binders from the TPF -  5 (230), except for the VT PG 64 -28, had the PG grades of the 30% and 
40% binders altered.
8.2 Dynamic Modulus Test TPF - 5 (230)
Dynamic modulus tests were conducted in the Asphalt Mixture Performance Test (AMPT) 
device following the AASHTO TP62 "Determining Dynamic Modulus of Hot-Mix Asphalt (HMA)" 
standard. Plant and lab compacted specimens were tested. Three replicates of each mixture 
were compacted and tested at 4.0°C 21.1°C and 35.8°C and the mastercurves built using the 
time temperature superposition.
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The results are presented in the following figures. The dashed lines correspond to the upper 
and lower boundaries for each RAP content. The figures illustrate the change in stiffness (E*) of 
the mixes versus changes in the loading frequency on a log-log scale.
100000
NH PG 64-28 Plant Mixtures
10000
1000
mopucnow mfoomatpn
100
1851-405 2.581 2 .255  6.3OK
2 4 2 9  2 6 0 2  2 .291  5 7  5 7  17.0 66.6 157
5 9  5 7  17.0 6 5 4 168
1685.7 16.6 67 .2
1.00E-0S
Reduced Frequency (Hz)
Figure 48 New Hampshire PG 64 -28 Plant Compacted Mixtures
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Figure 51 New York PG 64 -22 Lab Compacted Mixtures
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Figure 52 New York PG 58 -28 Plant Compacted Mixtures
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Figure 57 Vermont PG 64 -28 Lab Compacted Mixtures
The overlap of the boundaries graphically shows that the differences in stiffness from one 
RAP content to another are within the same order of magnitude of the test variability. As can be 
noted that the average values (solid line) of the NH PG 64 -28 and VT PG52 -34 plant compacted 
mixtures showed a trend of increase in stiffness as an increase of RAP. However the overlap of 
the boundaries makes that difference arguable especially between the 30% and 40% mixtures. 
The NY PG 58 -28 plant and lab compacted mixtures didn't show any overlap. The NY PG 64 -22 
20% RAP plant compacted mixtures was found to be less stiff than the corresponding 0% RAP 
mixtures. The non-consistent overall trends observed on these graphs suggest that compressive 
dynamic modulus tests may not be able to clearly capture the impacts of RAP blending on the 
stiffness of the mixtures.
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8.3 Dynamic Modulus Test FHWA-HRT-11 -058
Dynamic modulus tests were conducted in the Asphalt Mixture Performance Test (AMPT) 
device following the AASHTO TP62 "Determining Dynamic Modulus of Hot-Mix Asphalt (HMA)" 
standard. All specimens were compacted in the laboratory. Each contractor compacted five 
different mixtures, which were tested at 4.0°C, 21.1°C, 35.8°C and 54.4°C. However to compare 
the results with the TPF -  5(230) project, the 54.4oC results were disregarded. The results are 
presented in the following figures.
100000
Contractor 2 PG 64 -22
0000
 0% RAP
 15% RAP
 25% RAP
— 40% RAP
U i
1000
100
l . E - 0 4 l . E - 0 2 1. E+00 l . E + 0 2 l . E + 0 4
Reduced Frequency [Hz] 
Figure 58 Contractor 2 PG 64 -22 Mixtures
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Figure 65 Contractor 5 PG 58 -28 Mixtures
Similarly to what happened in the TPF -  5(230 mixtures, the FHWA-HRT-11-058 mixtures 
didn't show a clear pattern of increase in stiffness as a direct function of increase in RAP 
content. The PG 64 -22 mixtures from all 4 contractors presented no similarity in their trends. 
No resemblance could be found among the NY PG 64 -22 plant and compacted mixtures from 
the TPF -  5(230) project and those from the FHWA-HRT-11-058 project. Except for contractor 2 
the PG 58 -28 mixtures had virtually the same stiffness for 25% and 40% RAP content.
8.4 Complex Shear Modulus TPF -  5(230)
To completely characterize the stiffness characteristics of the recovered binders, master 
curves were constructed for the as-recovered and PAV aged binders. The DSR testing was 
conducted in accordance with AASHTO T315 "Determining the Rheological Properties of Asphalt 
Binder Using Dynamic Shear Rheometer". The DSR is also known in the polymer industry as DMA
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Contractor 5 PG 58 *28
40% RAP
25% RAP
(Dynamic Mechanical Analyzer). The complex shear modulus function is related to the viscosity 
of the asphalt binder and can be used to infer the degree of blending between the new and the 
aged binder. The extraction and recovery process served to fully blend the binders. The PG 
grading of the extracted binders as well as the PG grading of the binder from the stockpile 
(100% RAP) can also be seen.
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Figure 66 New Hampshire PG 64 -28 extracted binders
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Figure 67 New York PG 58 -28 extracted binders
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Figure 70 Vermont PG 64 -28 extracted binders
Similarly to what was shown by the complex modulus curves from the mixtures, the 
complex shear modulus of the extracted binders didn't show a coherent behavior of increase in 
stiffness as a function of RAP content. None of the trends seen in each set of binders matched 
with the trends observed in the corresponding set of mixtures. Problems with extraction of the 
binders are likely to have caused such disparities.
Another finding was the behavior of the Vermont blends when compared to the RAP 
Stockpile PG grading. The extracted binder from the RAP stockpile (100% RAP) was found to be
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the softest among the other RAPs with only 3 degrees of difference on the low temperature 
grading. When this relatively soft RAP material was added to the softest of the neat binders (PG 
52 -34) it was found that virtually no difference could be noticed in the stiffness of the blends, as 
if the neat binder was being replaced by other with an equivalent stiffness. When the same RAP 
binder was added to the harder binder the effect was contrary to the common belief. As the 
RAP content increased, the stiffness of the blends decreased. However doubts about the 
presence of solvent in the extracted binders make it difficult to convey to any conclusion.
8.5 Complex Shear Modulus FHWA-HRT-11-058
Analogous to what was presented in the previous section, the complex shear modulus of the 
extracted binders from this project is presented as follows.
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There does not appear to be a consistent trend in the comparison of the extracted binder 
properties relative to their respective mixtures. The PG 64 -22 extracted binders showed an 
inconsistent pattern of stiffness increase as a function of RAP content. The results from 
contractor 5 showed a correspondence between the binders' stiffness rank and the RAP content 
rank. However the results from the pairs 0% - 15% RAP and 25% - 40% RAP had virtually the 
same values for all the frequency range. The PG 58 -28 mixtures on the other hand showed a 
pattern of increase in stiffness as a function of RAP content for all contractors but contractor 3.
8.6 Thermal Susceptibility
The shift factors from both binders and mixtures were compared in order to investigate 
whether the blending of aged and virgin asphalt binders would cause changes in the 
temperature susceptibility of the material. A second order polynomial was fitted separately to 
the two set of points (dynamic modulus and complex shear modulus). The rationale behind this 
comparison was to try to infer if the incorporation of various percentages of RAP would produce 
any anomalies in the shift factor curves. Both binder's and mixture's shift factor's curves were 
constructed at a reference temperature of 0°C. The results are shown in Figure 79 through 
Figure 83
Some accentuated differences were seen on Vermont PG 52 -34 samples while the others 
showed virtually no differences between binder and mixture's shift factor curves as can be seen 
by the overlap of the two fitted curves. This indicates that the temperature susceptibility of the 
mixtures is dictated mainly by that of its corresponding blend of binders.
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8.7 Viscosity and Aging
Asphalt binders are polymers that have a high molecular weight. The flow of a fluid can be 
treated as a thermal process where the molecules must exceed an internal energy barrier to 
move. When temperature is increased, the molecules thermal energy as well as the gap among 
them is also increased. Therefore when the binder is subjected to flow, the layers of molecules 
slip over each other overcoming the resistance caused by intermolecular forces {Ward and 
Hadley 2004)
At very slow rates of shear or shear stresses, asphalts generally behave as Newtonian fluids 
where all the applied energy is dissipated by the viscous deformation. However, at higher rates 
of shear or shear stress, non- Newtonian and elastic effects are observed in the flow properties 
o f th e  asphalt binders. A t low  shear ra te  th e  binder's m olecules are  in th e ir  m ost random  and  
highly entangled state, consequently offering the highest resistance to flow. As the shear is 
increased, the molecules start to align themselves in the field of deformation, therefore 
reducing their slippage resistance (Huang 2008). These structural changes occur in the asphalt 
binders at molecular level and make the absolute viscosity, tj, measured in the steady-state flow 
regime, and the complex dynamic viscosity, t)*, measured in the harmonic regime, different 
from one another. For purely viscous fluids the complex viscosity is defined by equation 12, 
where o), is the angular velocity of the loading frequency in [rad/s] (Tschoegl 1989).
v  i  G' ^  1171TJ ((0) = --------- (12)
CO
The global Aging System (GAS) adopted in the MEPDG uses the change in binder 
viscosity as the parameter to estimate the stiffness of the aged mixtures over time (Mirza and
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Witczak 1995). The same model was later adapted to accommodate for the effects of chemical 
modifiers and to correct for the non-Newtonian nature (shear thinning) of the binders at higher 
shear rates (Bari and Witczak 2007). The equation used In the MEPD6 relates the absolute 
viscosity with the absolute value of the complex shear modulus at 10 rad/s and the respective 
phase angle, S, according to equation 13.
The GAS model relies on the assumption that as the pavement ages the viscosity of its 
constituent binder increases. In consequence of that the same trends observed in the extracted 
binder's viscosity must be observed in the mixtures changes in stiffness.
Figure 84 through Figure 88show the complex viscosities of all the extracted binders obtained 
from the complex shear modulus testing.
4.8628
(13)
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Based on this equation the absolute viscosities were calculated at various temperatures. 
The results are shown in the following graphs.
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The graphs show that some of the binders had their viscosity diminished by addition of RAP 
however none of the binder blends had their temperature susceptibility altered by addition of 
the reclaimed material. As aforementioned the GAS model predicts the aging of the asphalt 
pavements based on field temperatures and binder viscosity. Any discrepancy between the 
increasing binder viscosity and the consequent expected increase in mixture stiffness breaks the 
fundamental premise of the model.
Based solely on the results yielded in this study, the changes in viscosity due to addition of 
RAP observed in some mixtures (specially the Vermont mixtures and NY PG 58 -28) suggest that 
the addition of aged material would have the contrary effect of softening the HMA mixtures.
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The viscosity of RAP mixtures can only be assessed by measuring the extracted binder. 
Nonetheless this same extraction and recovery process may alter the binder's rheological 
properties, as seen in this study. In consequence of that the GAS model could not be accurately 
used to predict the aging of pavements constructed with the material investigated in this work.
113
CHAPTER 9 -  CONCLUSIONS
The effects of varying percentages of RAP on the rheology of mixtures and extracted binders 
were investigated in this research effort. The conclusions are presented as follows.
The 40% RAP mixtures always had a higher stiffness when compared to a 0% RAP 
mixture. This might be an indication of a threshold for considering binder bumping. 
However not all the mixtures showed a consistent pattern of increase in stiffness as a 
factor of RAP content.
- The variability of the dynamic modulus testing was found to have the same order of 
magnitude of the changes in stiffness due to incorporation of RAP into the mixtures. The 
insufficient number of replicates tested does not allow any statistical inference on 
whether two sets of specimens belong to two distinct populations or not.
In a compressive dynamic load test the interactive forces inside the aggregate skeleton 
are more imperative than those mobilized in the mastic matrix. This implies that this 
particular test may not be suited to account for binder effects. This corroborates the 
conclusions presented in a similar study, where the authors state that dynamic modulus 
testing is not sufficient to capture the impacts of the blending between virgin and RAP 
binder (Al-Qadi et al. 2009).
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Based on the study of the shift factors, the thermal susceptibility of the mixtures was 
found to be the same as the binder's. This leads to the conclusion that the thermal 
susceptibility of the RAP mixtures investigated in this work are dictated mainly by that of 
their respective binder blend.
The complex shear modulus of the extracted binders didn't show the same trends as the 
mixture's complex modulus. Therefore viscosities calculated from rheometric 
experiments following the MEPDG recommendations rendered the GAS model not 
suitable to RAP mixtures presented in this work.
It is important to point out that chemical and physical interactions between new and aged 
binders are far from being completely understood. Furthermore the methods used in this type 
of investigation are fraught with unknowns and variability that can potentially tamper the 
analysis of the data. An example is the possible bias introduced during the binder extraction 
process. A poor extraction of the aged binder would cause significant differences in every 
experiment that relies on this process. This is believed to be the answer for most the 
discrepancies observed in this research. New experimental methods other than those commonly 
used in this research must be sought after. The thermo-gravimetric analysis (Jim6nez-Mateos et 
al. 1996) is able to detect the presence of solvent on the extracted binders and will be used in 
the Phase II of this project.
The variability of mixtures produced entirely in the lab, where a controllable environment is 
possible, is still considerably high. In Addition to that, plant-produced mixtures introduce a 
multitude of extra unknowns to the problem. However this project must be seen from the 
perspective of an orchestrated effort to gather valuable information for future studies. The
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difficulties found in this effort will provide valuable guidance for the forthcoming stages of this 
project as well as to analogous studies.
Another important addendum to this work is the recommendation for a thorough 
characterization of the RAP material itself. Besides the PG grading, the extracted binder from 
the RAP stockpiles will be subjected to the same testing protocol as those extracted from the 
mixtures. This will allow for a better understanding of the interaction between the aged binder 
and the new one. The use of advanced micromechanical models to investigate the degree of 
blending is also one of the next steps in this research.
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APPENDIX A
Semi-Analytical Solution for the Linear Viscoelastic Stress Response of a 
Homogeneous Body under TSRST Boundary Conditions
In order to validate the numerical algorithms of incremental calculation of the convolution 
integral, a closed-form solution for the TSRST test under mechanical and thermal straining 
conditions was devised. The following development is a uniaxial linear viscoelastic solution and 
doesn't encompass material anisotropy neither second order effects due to geometrical 
misalignment of the load platens.
The total strain on the specimen is a resultant of mechanical and thermal loads applied 
simultaneously. Using the superposition principle the total strain is given by:
Where eM corresponds to the mechanical tensile strain and eT is the thermal strain due to 
varying temperature and restraining conditions. The boundary conditions imposed to the 
specimen are such that eT0TAL is kept constant and equal to 0 throughout the test.
The TSRST is performed ideally under a constant rate of cooling RT therefore the change in 
temperature relative to a stress-free reference temperature TR is:
€ t o t a l  — +  e T [Al]
AT =  T - T r [A2a]
A r ( t )  =  RTt [A2b]
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Assuming a constant coefficient of thermal contraction a, the Thermal strain is given by:
eT(t ) =  a(Rr t) [A3]
If the thermal load is applied at time t = 0, the rate of thermal strain is given by:
^  .  aRr  [M ]
dt T
If one elects a Wiechert model with N elements as the mechanical analog for the Relaxation 
Modulus, It can then be conveniently represented by a Prony Series as shown as follows.
N
E(t) =  Em +  £  Efe( f/P‘) [A5]
1=1
Where Eoo is the Relaxation Modulus at equilibrium (t =  oo), are the coefficients of the 
Prony Series and pi are the relaxation times. For transient temperature conditions the Reduced 
Time f ( t )  at each infinitesimal increment of temperature is calculated using:
m . L  [A6a]
dt aT
£ ( t ) =  f  — dt [A6b]
J o a T
Where the term aT is the shift factor of the time-temperature superposition principle. The shift 
factor is a material's fundamental property and can be mathematically represented in various 
different forms. In this work the shift factor is expressed as an exponential function as seen in 
Equation A7. The convenience of this representation will be clear later in this demonstration.
aT =  be-***  [A7]
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An example of shift factor curve fitting using an exponential form is shown below (Reference 
Temperature = 0 °C).
l.E+03
O Experimental Data 
—  Exponential Fit
l.E+02
u .
5  l.E+01 ■
1.E+00
-10 5 0-20 -15-25
Temperature [°C]
Figure A1 Shift Factor versus Temperature, TR = 0 °C.
Analogous to what was used in equation Al, the superposition principle can be applied to stress 
calculation. The total stress due to the mechanical and thermal strains is calculated by the 
convolution integral as represented below.
ff(t) TOTAL ~  <t(Om +  t f (0 r  [A8]
o{i)TOTAL =  £  O  ^ f d r  +  J *  E ( (  -  ( ' )  ^ dr IA9]
At this point is noteworthy stating that the reduced time is a functional of time and 
temperature, {  =  f ( t ,  T), therefore the time and temperature dependencies of the material are 
accounted for by this operand. From a purely mathematical standpoint, the functional f
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provides the mapping of the vectors defined in the time-Temperature space, into the scalar 
reduced time. The initial assumption of AT(t) as a linear function of time is not an obligatory 
condition. This formulation is valid for any arbitrary form of AT(t) provided that it falls into the 
domain of f .  Another important aspect of this formulation is that the kernel and the input 
functions (namely relaxation modulus and strain rate) are still convolved in respect to the 
dummy variable t. A variable substitution could easily be made to have the integration limits 
and the integration variable all in terms of f .  However the rapid-growing nature of this 
functional (exponential growth for asphalt mixtures) makes the integral cumbersome to operate 
with numerically and distracts the readers from the physical context of each variable. Moreover 
most of the numerical approaches devised to calculate convolution integrals are based upon 
incremental schemes, where the time-dependent part of the integral is stored into an internal 
state variable. Most of these methodologies only work if time increments have a fixed size. If the 
integration is performed in terms of f  this premise is broken and some of them lose their 
effectiveness.
The relationship between time and reduced time can be found by the substitution of Equation 
A7 into Equation A6b.
[ I , ™ * -  ' , x r t  V t' =  t 1
t' =  0 “  bART
( eARrt -  l )  (AlOa)
[AlOb]
In this work the symbol =  has the meaning of "is defined as".
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The first integral in Equation A10 corresponds to the stresses due to mechanical straining. In the 
work presented herein, a fixed tensile strain was applied at the beginning of the test and is 
assumed to stay constant until the specimen failure. The mathematical expression for this 
boundary condition is given as follows.
eM =  e0H(t)  -> ^  =  e0S(t) [A ll]
Where H(t) is the Heaviside unit-step function and <5(t) is the Dirac delta function. Substituting 
A ll  into the left-most integral in A10 we obtain.
=  J  -> e0 J  [A12]
Special attention must be taken at the vicinity of t =  0, because of the discontinuity of the input 
function at that particular point. A rigorous solution to this problem requires the following 
approach. The sifting property of the Dirac Delta states that for any continuous function f ( x ) 
continuous at x0,
oo
I  f ( x ) S ( x - x 0)dx =  f ( x 0) [A13]
J-CO
Notice that in a TSRST the cooling rate is negative constant, hence from equations AlOa and 
AlOb, it follows that.
f  -  eJ,"TT> |A131
Combining A l l  and the property A13 into to equation A12 and using the commutative property 
of the convolution integrals we obtain.
126
<t ( O m  =  6o £  E t f -  O  dr -  eQ J *E (f  -  f  )< *«  dr
-♦ <r(t)M =  e„1 E  ^M j ^ |  ( eAflrt “  eARTT)^ 5 (r) dr
[A14]
Expression A14 can also be understood as the stress response to a constant strain load e0, which 
is by definition the Relaxation Modulus.
Now we must find the second part of the equation A9 that corresponds to the stresses due to 
the thermal straining. The following expression is obtained when equation A4 is used as the 
input function.
As stated before f  is a functional of time and temperature, however for a small increment of 
time the temperature can be considered constant, hence the reduce time becomes a linear 
function of time for a given integration step. This assumption is reasonable for a TSRST cooling 
rate of 10 °C per hour, which causes a drop in temperature of only 0.0028 °C per second. Due to
'o
[A16]
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the recursive nature of the proceeding equations, this simplification is also more amenable to 
numerical implementation, hence the title of Semi-Analytical solution. Our attention must now 
go back to equation A5.
I
N
E0 +  IA1?1
i=l
Substituting A17 into A16 we have.
o (t )T =  aRT
N
v  r - f+ f /  \ \ x  =  t
- E .o .e V  'P i ) '
Eoot +  2-! ~ E i P i e  
i=1 It =  0
[A18]
Proceeding with the following simplification.
f-r'IVo ■
X =  t
[A19]
The final expression for total stress caused by mechanical constant straining and thermal 
transient loads can be expressed in its final form as.
0 ( O t o t a l  — eo E ( 0  +  & R t Emt +
i- 1
[A20]
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APPENDIX B
Curve Fitting Parameters for TPF -  5(230) project - Dynamic Modulus Tests
Specimen ID
Sigmoidal Curve Parameters
5 a X 3 Y
NHeOOPOl 3.88271455 2.76486318 -0.4907765 -0.6627034 -0.3614741
NHe00P02 3.96234248 2.74920226 -0.5343867 -0.6264118 -0.3473107
NHe00P03 3.84885666 2.78647568 -0.4456894 -0.6656952 -0.3642467
NHeOOPAVG 3.93847392 2.76865134 -0.5343867 -0.6264118 -0.3473107
NHe20P01 3.96166324 2.71304251 -0.5098075 -0.7277824 -0.3665873
NHe20P02 3.97961622 2.67822522 -0.4998578 -0.7627907 -0.3695377
NHe20P03 3.9603842 2.69948248 -0.5506932 -0.7303606 -0.3583183
NHe20PAVG 3.97365521 2.69486024 -0.5336659 -0.7386173 -0.3619059
NHe30P01 4.14074118 2.4949789 -0.5874979 -0.7818535 -0.3557748
NHe30P02 4.14974378 2.47099683 -0.538678 -0.776518 -0.3534399
NHe30P03 4.15490205 2.55012163 -0.6448546 -0.7848891 -0.3334137
NHe30PAVG 4.15077851 2.50355829 -0.593171 -0.7807858 -0.3471986
NHe40P01 4.20710072 2.49201161 -0.503403 -0.7724463 -0.334491
NHe40P02 4.17766078 2.49885623 -0.5886556 -0.7413741 -0.331268
NHe40P03 4.12740671 2.54359945 -0.5861373 -0.7834293 -0.3392851
NHe40PAVG 4.18071498 2.50242895 -0.5591726 -0.761599 -0.3345669
NHeOOLOl 3.93428914 2.66783794 -0.4384971 -0.7462193 -0.3816084
NHe00L02 3.95506421 2.63915755 -0.562908 -0.7805636 -0.3596606
NHe00L03 3.76169909 2.87365207 -0.562908 -0.7805636 -0.3596606
NHeOOLAVG 3.89535593 2.69563348 -0.4384971 -0.7462193 -0.3816084
NHe20L01 4.12994424 2.54178779 -0.6273435 -0.7950904 -0.3315428
NHe20L02 4.03032787 2.57282194 -0.5273435 -0.8168974 -0.3768469
NHe20L03 4.0788478 2.58651273 -0.5502115 -0.7697609 -0.3312038
NHe20LAVG 4.11624424 2.54178779 -0.6273435 -0.7950904 -0.3315428
NHe30L01 4.2309893 2.42805999 -0.5630892 -0.7952948 -0.3363115
NHe30L02 4.11644773 2.5052533 -0.6239741 -0.8141105 -0.3305169
NHe30L03 4.09859971 2.53030354 -0.5850265 -0.851337 -0.346545
NHe30LAVG 4.15312793 2.48299491 -0.586818 -0.8185338 -0.3382375
NHe40L01 4.00980876 2.66463856 -0.5037497 -0.8718603 -0.326347
NHe40L02 3.98171482 2.64979168 -0.4951403 -0.8443729 -0.3342499
NHe40L03 4.12326689 2.56249755 -0.6387932 -0.7980645 -0.3033178
NHe40LAVG 4.04348574 2.61964819 -0.5494595 -0.8373729 -0.3212869
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Specimen to
Sigmoidal Curve Parameter!
8 a X P Y
NYb30P01 3.91818871 2.67796819 -0.4097059 -0.7949526 -0.4188729
NYb30P02 A.05899872 2.61408156 -0.4447100 -0.7265898 -0.4009607
NYb30P03 4.09120852 2.57306068 -0.4282100 -0.7363508 -0.3927435
NYb30PAVG 4.06007765 2.59653559 -0.4275331 -0.7377931 -0.4017205
NYbAOPOl 4.41244924 2.26307174 -0.5097814 -0.8830688 -0.3585035
NYb40P02 4.36011628 2.29842709 -0.3987896 -0.9002373 -0.3832434
NYb40P03 4.39795574 2.26316538 -0.5000000 -0.8559155 -0.3638887
NYbAOPAVG 4.41341306 2.25435207 -0.4998456 -0.8665195 -0.3665416
NYb30L01 4.23195064 2.39848534 -0.4190000 -0.8100234 -0.4098688
NYb30L02 4.37013744 2.31814099 -0.5896324 -0.7759679 -0.3613654
NYb30L03 4.15734023 2.46859617 -0.4456894 -0.8566257 -0.3888700
NYb30LAVG 4.32001292 2.35191665 -0.6000000 -0.7919385 -0.3640526
NYbAOLOl 4.63991162 2.01813817 -0.6656592 -0.9532502 -0.3534404
NYb40L02 4.71926298 1.92039625 -0.5510020 -0.8978986 -0.3722916
NYb40L03 3.13665841 3.49172481 0.5500000 -1.4527114 -0.4235510
NYbAOLAVG 4.66598385 2.00431606 -0.6744193 -0.9313048 -0.3493159
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Specimen ID
Sigmoidal Curve Parameter!
S a X 3 Y
NYd20P01 3.88390681 2.60316173 -0.1652287 -0.8109320 -0.4438229
NYd20P02 4.05433146 2.50910284 -0.4989500 -0.8545347 -0.4038025
NYd20P03 4.01118723 2.50030451 -0.4989500 -0.9494508 -0.4129650
NYd20PAVG 4.04199882 2.49900063 -0.4989500 -0.8561063 -0.4008800
NYd30P01 4.23581418 2.36544044 -0.4998700 -0.8925721 -0.4094235
NYd30P02 4.12572177 2.47333779 -0.4998700 -0.9829594 -0.4157032
NYd30P03 4.11764692 2.53561757 -0.4949130 -0.9502427 -0.3848680
NYd30PAVG 4.19803103 2.44403033 -0.5914599 -0.9317942 -0.3853773
NYd40P01 4.32468906 2.34203514 -0.4998700 -1.0085629 -0.3801585
NYd40P02 4.30745372 2.38681371 -0.4998700 -0.9775740 -0.3734032
NYd40P03 4.32458376 2.34918757 -0.4998700 -1.0467945 -0.3711294
NYd40PAVG 4.32106634 2.35686236 -0.4998700 -1.0103163 -0.3747684
NYdOOLOl 4.36794155 2.29821187 -0.4998700 -0.8713801 -0.3735814
NYd00L02 4.34729137 2.33315728 -0.4998700 -0.9927950 -0.3586511
NYd00L03 4.24996806 2.41627889 -0.4998700 -0.9661134 -0.3907224
NYdOOLAVG 4.33558806 2.3363309 -0.4998700 -0.9376691 -0.3732246
NYd20L01 4.28548487 2.35463078 -0.4998700 -0.9754914 -0.3839777
NYd20L02 4.33889884 2.31065595 -0.4998700 -0.9883520 -0.3788067
NYd20L03 4.30417679 2.38951239 -0.4998700 -0.9795564 -0.3706166
NYd20LAVG 4.31098769 2.35069253 -0.4998700 -0.9804430 -0.3775278
NYd30L01 4.44860463 2.20535468 -0.6426304 -0.9404874 -0.3651736
NYd30L02 4.28267255 2.37087341 -0.4998540 -0.9663160 -0.3731322
NYd30L03 4.32965567 2.38663781 -0.4998540 -0.9067564 -0.3597919
NYd30LAVG 4.32285859 2.34376031 -0.4998540 -0.9498797 -0.3736364
NYd40L01 4.29650007 2.35737442 -0.4998700 -1.0993331 -0.3591955
NYd40L02 4.69545273 1.9395188 -0.4998700 -0.9061104 -0.3806661
NYd40L03 4.3628599 2.30107781 -0.4998700 -1.0659582 -0.3708232
NYd40LAVG 4.501642 2.14744199 -0.4998700 -1.0047248 -0.3720100
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Specimen ID
Sigmoidal Curve Parameters
6 a X P V
VTaOOPOl 3.71529527 2.75306226 -0.2655276 -0.386767 -0.3626086
VTa00P02 3.59562347 2.7625718 0.07791135 -0.3619277 -0.4354783
VTa00P03 3.58881911 2.86812797 -0.1605873 -0.4016526 -0.3719357
VTaOOPAVG 3.63298948 2.79459393 -0.1221715 -0.3845668 -0.3884061
VTa20P01 3.80084888 2.76301471 -0.2553524 -0.5096725 -0.3430306
VTa20P02 3.76554436 2.76979999 -0.3328251 -0.4903208 -0.3446886
VTa20P03 3.65462045 2.97248114 -0.3549603 -0.5099399 -0.3268426
VTa20PAVG 3.74110269 2.83328286 -0.3054151 -0.5015157 -0.3386524
VTa30P01 4.53684332 2.07981428 -0.5380587 -0.2397385 -0.341023
VTa30P02 3.92041152 2.60648609 -0.3732171 -0.5193752 -0.3610452
VTa30P03 3.88046099 2.67312631 -0.380664 -0.5309842 -0.3464647
VTa30PAVG 3.99937786 2.57734044 -0.5259419 -0.5190533 -0.3351592
VTa40P01 3.95546237 2.60870436 -0.4715706 -0.5619965 -0.3538626
VTa40P02 4.08337218 2.51904033 -0.4998468 -0.5013627 -0.3239445
VTa40P03 3.94574478 2.65350234 -0.49987 -0.5756602 -0.3206661
VTa40PAVG 4.0095608 2.58077997 -0.49987 -0.5421919 -0.3313211
VTaOOLOl 3.84626643 2.61556803 -0.12867 -0.3982399 -0.3760703
VTa00L02 4.14957316 2.50588025 -0.5176916 -0.4047896 -0.2873399
VTaO0L03 4.11215858 2.72703118 -0.6353762 -0.3809031 -0.2530272
VTaOOLAVG 4.0674828 2.58535631 -0.4822449 -0.3927413 -0.2974285
VTa20L01 4.25341069 2.39082058 -0.5213868 -0.457456 -0.3058883
VTa20L02 4.1915664 2.48767809 -0.5255678 -0.4795637 -0.2893124
VTa20L03 4.15443043 2.51893545 -0.5305129 -0.5025541 -0.2928143
VTa20LAVG 4.18549466 2.47601364 -0.5252689 -0.4880857 -0.2956548
VTa30L01 4.16719528 2.51557796 -0.5581461 -0.544978 -0.2892398
VTa30L02 4.19258014 2.50536152 -0.5748887 -0.4962183 -0.2953977
VTa30L03 4.13067739 2.58740619 -0.4919568 -0.5114657 -0.2921299
VTa30LAVG 4.1752066 2.53264611 -0.5476918 -0.5052523 -0.2915904
VTa40L01 3.97015526 2.67762522 -0.2589277 -0.4401418 -0.341619
VTa40L02 3.80624112 2.71227593 -0.4067022 -0.6925785 -0.351367
VTa40L03 4.00079161 2.62736537 -0.4998 -0.6221587 -0.3261935
VTa40LAVG 4.02839535 2.59780543 -0.4998 -0.5607475 -0.3227818
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Specimen ID
Sigmoidal Curve Perametefi
5 a X 3 Y
VTeOOPOl 3.58746322 2.8476921 -0.2234919 -0.71583 -0.4298088
VTe00P02 3.73240485 2.82561057 -0.402578 -0.7682707 -0.3702474
VTe00P03 3.63219463 2.96328313 -0.2851325 -0.7649784 -0.3744245
VTeOOPAVG 3.66098588 2.8735164 -0.3147425 -0.7501266 -0.387992
VTe20P01 3.67527516 2.8933613 -0.4209554 -0.8155337 -0.380557
VTe20P02 3.51934608 3.08360799 -0.3945271 -0.8508591 -0.3679344
VTe20P03 3.43757922 3.15295853 -0.4616622 -0.8620406 -0.3538003
VTe20PAVG 3.55876786 3.02705691 -0.4250697 -0.8390448 -0.3682028
VTe30P01 3.9049879 2.60693747 -0.4772446 -0.7199922 -0.3818792
VTe30P02 3.61789732 2.93329356 -0.49987 -0.7956028 -0.365801
VTe30P03 3.61946587 2.94181667 -0.4456894 -0.7962834 -0.3650247
VTe30PAVG 3.82629359 2.75729149 -0.614888 -0.7391043 -0.3440418
VTe40P01 3.97490892 2.64487462 -0.4887325 -0.7015419 -0.359997
VTe40P02 3.82439175 2.76525851 -0.5387548 -0.7686831 -0.3543727
VTe40P03 3.86442314 2.81948128 -0.49987 -0.7275933 -0.3300316
VTe40PAVG 3.93552372 2.71371643 -0.5687523 -0.7190592 •0.3369199
VTeOOLOl 4.29686832 2.30847026 -0.49987 -0.6360088 -0.343752
VTe00L02 3.66071443 3.04669794 -0.49987 -0.850624 •0.3042844
VTe00L03 3.71021983 2.92322808 -0.49987 -0.8575706 -0.3355031
VTeOOLAVG 4.14503166 2.54466638 -0.6620258 -0.700201 -0.3040659
VTe20L01 4.07031726 2.51573796 -0.4230419 -0.6991911 -0.379033
VTe20L02 3.87566522 2.69226095 -0.50241 -0.784089 -0.3602573
VTe20L03 3.81251322 2.83386379 -0.4289929 -0.8578863 -0.3269962
VTe20LAVG 4.01318425 2.60930651 -0.5389193 -0.7517678 -0.3399484
VTe30L01 3.87330531 2.73647867 -0.49987 -0.9134788 -0.3375874
VTe30L02 3.83871808 2.79380422 -0.49987 -0.8784644 -0.3491927
VTC30L03 3.85639738 2.71972755 -0.49987 -0.8704039 -0.3468331
VTe30LAVG 3.86001348 2.7478866 -0.49987 -0.8854285 -0.3438085
VTe40L01 4.04362262 2.58830981 -0.5463988 -0.739439 -0.3273644
VTe40L02 3.93575982 2.62297634 -0.49987 •0.8137011 -0.3602367
VTe40L03 4.13487316 2.5304765 -0.5930216 -0.74387 -0.3327068
VTe40LAVG 4.07844541 2.55505028 -0.5934274 -0.7511349 -0.3309695
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APPENDIX C
Curve Fitting Parameters for FHWA-HRT-ll-058project - Dynamic Modulus
Tests
SfmduMii ID
Sigmoidal Curve Parameters
5 a P Y
2A 2.07434 2.49572 -0.66634 -0.45492
2B 0.851227 3.868662 -1.13639 -0.34448
2C 2.04849 2.422573 -1.02748 -0.52691
2D 0.95887 3.620199 -1.36259 -0.39972
2E 2.097464 2.421169 -0.54875 -0.48875
2F 1.770321 2.761152 -0.93778 -0.40548
3A 1.451652 3.166904 -0.97704 -0.4441
3B 1.674502 2.919592 -0.55267 -0.41019
3C 0.305323 4.42206 -1.28798 -0.341
3D 1.427302 3.289359 -0.64286 -0.3978
3E -0.04698 4.722977 -1.42339 -0.34691
3F 1.617174 3.022967 -0.80268 -0.43199
4A 2.246258 2.262557 -1.2894 -0.60432
4B 1.7602 2.728084 -1.24944 -0.51504
4C 2.39736 2.020392 -1.60081 -0.72177
4D 1.681424 2.905938 -1.6034 -0.49642
4E 2.341125 2.077687 -0.89859 -0.64688
4F 1.891388 2.562967 -1.09674 -0.54288
5A 1.88504 2.649729 -0.95563 -0.53988
SB 1.209118 3.324289 -1.15837 -0.46181
5C 1.742414 2.747821 -1.19539 -0.50076
5D 1.8311% 2.627474 -1.13657 -0.52134
5E 2.097464 2.421169 -0.54875 -0.48875
5F 1.837747 2.792803 -0.67885 -0.44551
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APPENDIX D
Curve Fitting Parameters for TPF -  5(230) project - DSR tests
Spadmmi Sigmoidal Curve Paramatars
ID 5 a X 3 r
NHeOOB -12.394021 19.616238 0.202768 -1.256921 -0.169495
NHe20B -10.057108 16.978688 0.399734 -1.176476 -0.195052
NHe30B -11.249792 18.200915 0.399845 -1.299250 -0.186493
NHe40B -9.821838 16.410517 0.538015 -1.238076 -0.207340
NYb30B -11.159701 18.148256 0.393416 -1.285660 -0.190030
NYb40B -9.838836 16.843272 0.568975 -1.107181 -0.208124
NYdOOB -6.758391 13.135041 0.305916 -1.133590 -0.237325
NYd20B -7.756512 14.286524 0.487138 -1.167149 -0.232365
NYd30B -8.853580 15.242693 0.697765 -1.275951 -0.236568
NYd40B -9.357737 15.783870 0.542526 -1.372646 -0.222588
VTaOOB -13.072734 19.825148 0.201188 -1.306175 -0.170962
VTa20B -11.102830 17.618450 0.389064 -1.216102 -0.192071
VTa30B -11.554127 18.109872 0.399118 -1.246821 -0.191447
VTa40B -10.208535 16.577569 0.534815 -1.194592 -0.211834
VTeOOB -8.926454 15.376190 0.613984 -1.149223 -0.228460
VTe20B -7.674006 13.886110 0.524492 -1.084447 -0.244874
VTe30B -8.624594 15.028330 0.470640 -1.137862 -0.224856
VTe40B -7.936669 13.999597 0.607173 -1.104476 -0.249797
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Specimen ID
Sigmoidal Curve Parametars
8 a X 3 Y
2A -12.92759 20.41037 0.20518 -0.96751 -0.17246
2B -12.87539 20.33457 0.20526 -0.99275 -0.17229
2C -13.47738 20.54289 0.19804 -1.08077 -0.17854
2D -14.14952 21.02797 0.18847 -1.14478 -0.18217
2E -13.22754 20.04699 0.19851 -1.05976 -0.17755
2F -14.15911 20.89959 0.16181 -1.15414 -0.17901
3A -12.66752 20.71884 0.21510 -0.84388 -0.16547
3B -13.04246 20.62101 0.20744 -0.96443 -0.16931
3C -13.06724 20.77515 0.33971 -0.93694 -0.17319
3D -12.17473 20.34135 0.20483 -0.79018 -0.16303
3E -13.22135 20.89252 0.20132 -0.99011 -0.16776
3F -12.29393 20.11801 0.19050 -0.86207 -0.16690
4A -12.80231 20.73188 0.31671 -0.87672 -0.16991
4B -11.73363 20.13764 0.22500 -0.76475 -0.16413
4C -6.90764 11.40350 2.28531 -0.70370 -0.47267
4D -13.11900 20.68876 0.22026 -0.98542 -0.17318
4E -10.61337 19.30840 0.22921 -0.58240 -0.16226
4F -12.07923 20.16755 0.18607 -0.80677 -0.16435
5A -12.38473 20.22115 0.20588 -0.88710 -0.16834
5B -12.90046 20.67085 0.21266 -0.93354 -0.16780
5C -13.54264 20.94849 0.19977 -1.05818 -0.17279
5D -13.89017 21.65745 0.19379 -1.03543 -0.16509
5E -12.30337 19.88776 0.22132 -0.86859 -0.16982
5F -13.23813 20.84728 0.21231 -0.96741 -0.16782
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